Whereas the human linkage map appears on limited evidence to be constant over populations, maps of linkage disequilibrium (LD) vary among populations that differ in gene history. The greatest difference is between populations of sub-Saharan origin and populations remotely derived from Africa after a major bottleneck that reduced their heterozygosity and altered their Malecot parameters, increasing the intercept M that reflects association in founders and decreasing the exponential decline . Variation among populations within this ethnic dichotomy is much smaller. These observations validate use of a cosmopolitan LD map based on a sizeable sample representing a large population reliably typed for markers at high density. Then an LD map for a region or isolate within an ethnic group may be created by fitting the sample LD to the cosmopolitan map, estimating Malecot parameters simultaneously. The cosmopolitan map scaled by recovers 95% of the information that a local map at the same density gives and therefore more than the information in a low-resolution local map. Relative to a Eurasian cosmopolitan map the scaling factors are estimated to be 0.82 for isolates of European descent, 1.53 for Yorubans, and 1.74 for African Americans. These observations are consistent with a common bottleneck (perhaps but not necessarily speciation) Ϸ173,500 years ago, if the bottleneck associated with migration out of Africa was 100,000 years ago. Eurasian populations (especially isolates with numerous cases) are efficient for genome scans, and populations of recent African origin (such as African Americans) are efficient for identification of causal polymorphisms within a candidate sequence.
T
he density of known polymorphisms in the DNA sequence is the pacemaker for studies of population structure. Blood groups and later isozymes provided enough information to bioassay kinship at single loci, which was confirmed by studies of migration, genealogy, and isonymy (1, 2) . Then DNA markers at increasing density permitted analysis of allelic association between pairs of loci, also called linkage disequilibrium (LD). An important application replaces one locus by a phenotype of interest, with the intent of localizing a gene of unknown sequence contributing to that phenotype. This enterprise is called positional cloning. A beginning has been made on haplotype diversity, treating haplotypes as alleles and measuring their diversity by heterozygosity or Shannon's entropy (3) . With all approaches the arbitrary choice of an arbitrary number and type of markers has discouraged use of haplotypes to describe population structure, although they are of value for positional cloning of major genes with short history and nearly monophyletic origin (4) . It remains to be seen how haplotype annotation of LD will facilitate positional cloning, especially of oligogenes contributing to multifactorial diseases.
Whether markers are studied individually or in haplotypes, population structure can aid positional cloning by providing replicates for LD, perhaps using populations with high LD to identify a candidate region and then populations with less LD to narrow the support interval. To evaluate these possibilities we must establish the degree and pattern of LD in different populations, which we investigate here.
Materials and Methods
The data consist of studies on diallelic polymorphisms that compared two or more populations. Most data are for short sequences at low resolution, and the populations are not well characterized. Does a sample represent an extended family or a region? How could a region be randomly sampled? If close relatives were avoided, how was selection carried out, given that an isolate may have more than a dozen chains of relationship between two random members? Cell and DNA banks do not address such questions. Studies of LD are in their infancy, and population comparisons lag behind single samples of ill-defined origin.
Some insight is provided by theory. The variance from additive genetic effects is V G (1 Ϫ ␣) in two random populations, V G (1 ϩ ␣) in their F 1 , and V G in the F 2 . Neglecting genetic drift and introgressive hybridization, the expectation for F n remains V G . Inbreeding ␣ is Ͻ0.01 in all large populations that do not prefer consanguineous marriage (5) and rarely reaches 0.1 even in highly inbred isolates (2) . Among populations large enough to be useful for positional cloning of oligogenes, we do not expect ␣ to be consequential. Of course, the situation is different for rare alleles. If q is the gene frequency in a large ancestral population, the probability that the allele in question was absent from an isolate that originated with N founders is e Ϫ2 Nq , or Ϸ1-2Nq if Nq is small. In the unlikely event that the allele was present, the initial frequency was at least 1͞2N and might through drift become greater. This makes isolates a rich reservoir of rare alleles inherited from a single founder in the not-far-distant past, which are not major contributors to common diseases.
The theory for pairwise LD is more complicated than theory for single loci, and extension to multilocus haplotypes has not yet been successful. At small distances a close approach to equilibrium requires constant effective size over thousands and perhaps millions of years as LD from founders is diminished by recombination but increased by drift, making haplotype frequencies inconstant in time. Allele frequencies are also inconstant, but the possibility that a current polymorphism might have been monomorphic is not a useful guide to LD (6) . Attempts to predict the squared value of LD as its ratio to an expected function of allele frequencies have also been unsuccessful, because their metric is not a probability, does not predict haplotype frequencies, and has no evolutionary theory (7). For two diallelic loci the optimal measure of allelic association is the probability , which estimates haplotype frequencies, has an evolutionary theory and minimal variance from expectation, and is applicable to both case-control and random samples (8) . The expected value of follows the Malecot equation ( 
Ϫd ϩ L, where the asymptote L measures association at large distance and the intercept M reflects association in founders.
The metric has a bias L with predicted value L p equal to the K -weighted mean of ͌ 2͞K , where K , the information about per marker pair, is proportional to sample size (9) . L p does not depend on the Malecot model, but only on the mean value of for markers at distances so great that the expected value of disequilibrium D is zero, under the assumption that the mean value of K is independent of distance and that for given K is distributed as the absolute value of a normal deviate with variance 1͞K . On the contrary, the simple Malecot model with constant assumes parsimony that is violated by blocks and steps, giving a better representation of LD in a long sequence than in a short one. The likelihood under any model cannot provide an optimal test of a subhypothesis when the general hypothesis is wrong. We have found that a local effect of block structure can distort the estimate of L in a short sequence, inflating steps in the LD map. Therefore L ϭ L p was assumed even when an estimate of L made a significant improvement in likelihood. Distance d is additive and may be measured in kb if association is homogeneous on the physical map, in centimorgans if association is determined by recombination and the genetic map is reliable, or in LD units (LDU), where ϭ 1 when d is replaced by ⌺ i d i , the inner product of distance in kb between ith adjacent markers and the corresponding local value of . Then 1 LDU corresponds to ⌺ i d i ϭ 1, and the spanned distance in kb is a swept radius within which LD declines to e Ϫ1 of the intercept (9) .
There is a substantial gain in efficiency with the LD map, which allows for hot and cold spots that reflect recombination, a selective sweep, or chance (10) (11) (12) . To construct LD maps we used the interval method (9) as modified (12) . The map for a given population may be based entirely on samples from that population or on a cosmopolitan standard that concatenates samples of single-nucleotide polymorphism (SNP) pairs from two or more populations, varying among studies. For each genomic region within a study we combined estimates of over samples weighted by information on the null hypothesis that ϭ 0 (9). This cosmopolitan map in LDUs with ϭ 1, M, L p was used to estimate the Malecot parameters for each sample. The error variance V for m pairs of SNPs with composite likelihood lk ϭ exp [Ϫ⌺K ( Ϫ )
2 ͞2] was taken as V ϭ Ϫ2ln lk͞df, where V and the degrees of freedom (df) depend on the model. The nominal variance of any estimate is V 2 , where 2 was taken from the covariance matrix calculated from second derivatives that do not include V. The corresponding information K is the reciprocal of V 2 , and the standard error is ͌ V 2 . Composite likelihood gives consistent estimates and good search intervals, but the standard errors and confidence intervals are less reliable (13). To pool s samples we took their mean ⌺ j ͞s with information s 2 ͞⌺(1͞K j ). To compare two samples or groups of samples the difference j Ϫ k was assigned information 1͞(1͞K j ϩ 1͞K k ). To make the 
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exponent of M comparable to , we took j ϭ j , Ϫln M j and ϪlnMj
, with M from the cosmopolitan map. Then the expected values of both parameters are related to time since the founder population (8) . We also used these methods to estimate j conditional on the value of M in the cosmopolitan map to test whether this simpler analysis is equally sensitive to population differences and justifies scaling of local maps by j alone. Relative efficiency of alternative maps was defined as the ratio of their variances, which for multiple samples were estimated by summing their quadratic forms and degrees of freedom. Genetic analysis was performed with ALLASS and LDMAP programs (http:͞͞cedar.genetics.soton.ac.uk͞publichtml͞).
Single Pairs of Markers in Regions, Isolates, and F 1 Hybrids
Lonjou et al. (14) compared 1,266 samples from published databases. The data consisted of haplotype frequencies estimated for pairs of diallelic markers in five loci. Within a pair, the rarest of the four haplotypes was not consistent among populations. This finding alters the definition of , but the absolute value of the correlation is unaffected and was therefore preferred, although subsequently shown to be inefficient (8 
, and yule ϭ D͞link. The CD4 locus was not typed in all regions and isolates. Where present it was adjusted by linear regression so that its mean equaled the mean of the other loci. Table 1 shows that heterozygosity is significantly higher in the specified isolates than in regions, contrary to expectation, but the differential is only 12%. Linkage information shows a larger but nonsignificant excess in isolates. The two LD metrics ( and yule) have a similar (nonsignificant) increase in isolates. Sub-Saharan Africa shows markedly reduced LD compared with the other regions, consistent with a population bottleneck during or subsequent to migration out of Africa. In contrast with isolates, the haplotype frequencies for an F 1 between Europeans and people from other regions give means close to Europeans. Whereas isolates probably offer some advantage for detection of LD, interracial crosses are less predictable for both linkage and LD. This preliminary analysis confounds the Malecot parameters and therefore cannot estimate scaling factors for an LD map, but it encourages examination of more informative data on syntenic markers.
Multiple Markers in Regions and Isolates
Several studies provide closely linked markers in two or more populations, although the markers represent only a small proportion of the polymorphisms in a short DNA sequence and the sampled populations are loosely defined ( 
When samples contributing to a cosmopolitan map differed in numbers of markers, mj Ϫ 1 and mj ϩ 2 were distributed among samples in proportion to Ni for the purpose of calculating a sample-specific variance. make the physical maps for each dataset, rejecting 25 markers that could not be identified in the designated regions. In the absence of a finished map of the human genome, it is unprofitable to pursue discrepancies from the evolving draft sequence that may also implicate SNP names and primers. Although values are autocorrelated, their matrix is generally of full rank and gives the degrees of freedom in Table 3 . Summing over samples, we determined error variances for alternative maps and efficiency relative to sample-specific LD maps ( Table 4 ). The samples of Gabriel et al. (18) provide far more information (as relative efficiency) than the three studies at lower resolution, which were pooled. The cosmopolitan maps scaled to sample-specific values of with M estimated concurrently lose only Ϸ5% of the information. Fixing the value of M from cosmopolitan maps is slightly less efficient. The cosmopolitan LDU maps themselves lose Ͼ10% of the information, whereas the kb map loses at least 30%. These results have far-reaching implications for positional cloning. Much effort is now being devoted to constructing a few LD maps at high resolution, partly in the hope that less informative SNPs may be eliminated in positional cloning. This would make samplespecific maps less efficient than in the data summarized here, where most markers were typed in all samples within a study contributing to a cosmopolitan map. Although sample size is relevant and the standard maps now under construction will be based on small samples, it is questionable whether a samplespecific map will have greater reliability than a cosmopolitan map scaled by estimating and M simultaneously. This substantially reduces costs of positional cloning, but requires care in choice of populations, individuals, and methods of map construction.
We next compared the populations sampled by Gabriel et al. (18) (Table 2) , both separately and for differences within genomic region corresponding to African, others, and African vs. non-African. These results are concordant (Tables 5 and 6 ). The European and Asiatic samples, however examined, do not differ significantly in the and Ϫln M Malecot parameters. On the contrary, the African-American and Yoruban samples differ significantly in most comparisons, with African Americans consistently showing less LD as reflected by higher values of and Ϫln M. The difference between African and non-African samples is highly significant, with less LD in the former as expected on the hypothesis that the diaspora of Homo sapiens from Africa to populate the rest of the world Ϸ100,000 years ago was associated with a bottleneck that reduced genetic diversity and increased LD. There is no question that if only two cosmopolitan maps were chosen, they would correspond to the African and non-African dichotomy.
The lower resolution of a larger number of populations of European descent in other studies makes conclusions by stepwise regression less clear (Table 7) . A small decrease of Ϫln M in isolates is observed as expected, but like residual differences among populations does not approach significance. Estimates of are significantly lower for isolates than for regions, the ratio being about (1.091 Ϫ 0.197)͞1.091 ϭ 0.82. However, there is an enormous excess for the Afrikaner sample that disagrees with the historical record of a small founder population, increased frequency of a few major genes for diseases rare in other populations, and instances of persistent LD at large distance (19) . Perhaps Afrikaner has both restrictive and loose applications. Finland has a suggestively lower than other isolates, whereas Sardinia is unremarkable. These results should be interpreted cautiously until large, well-characterized samples are compared with a cosmopolitan Eurasian standard. More extreme isolates defined by geographic or social barriers exist even within populations vaguely characterized as isolates and may be of interest if they provide enough cases of a particular disease for initial study and replication.
To summarize these results we excluded the Afrikaner sample as atypical of isolates and took Eurasian regions as a standard because they are the only population shared among studies. Estimating , M simultaneously we obtain the results in Table 8 . African Americans have values about twice as great as European isolates, with corresponding expansion of their LD map. There are several sources of variation in these estimates, including choice of isolates and regional populations, sampling by appearance, residence, birthplace, parentage, selfidentification, or presumed lack of admixture, selection of chromosome or segment, exclusion of small or variable allele frequencies, and adoption of a particular weight. In addition to the K weights presented here we tried kb and LDU weights. Estimates of scaling factors varied, but were not systematically different from Table 8 . The impact of weights diminishes as sequence length increases. Selection of common SNPs (e.g., with a frequency of at least 0.1 in all populations) favors old polymorphisms that were not much affected by recent bottlenecks and therefore give inflated values of with less divergence among populations. There is little point in constructing many cosmopolitan maps, because each exercise in positional cloning will have its own scaling factor that may be estimated from its controls.
Discussion
Whereas there is no basis for choice between European descent and Asian samples, the African Americans representing many tribes have several advantages over a sample from a single tribe. Yorubans migrated in uncertain numbers to the lower reaches of the Niger river in the early 8th century AD. A relatively small founder population in the preceding century was likely, consistent with the unusually high frequency of dizygotic twinning in (21) reported a high frequency of repulsion between glucose-6-phosphate dehydrogenase (G6PD) deficiency and color blindness in Kurdish and Iraqi Jews, whereas Siniscalco et al. (22) found an excess of coupling in Sardinia. The two loci are closely linked on the X chromosome, and G6PD deficiency is protective against falciparum malaria. It is likely that G6PD deficiency was introduced into those isolates by few individuals, among whom color blindness was by chance at lower or higher frequency than in the general population. On the contrary, these loci are at equilibrium in African Americans (23) , as expected for admixture of many tribes. This admixture is closer to Hardy-Weinberg equilibrium than any artificial mixture of samples from different tribes, and reliable methods are available to control for introgression from people of European descent.
The estimates in Table 6 provide some evidence about population history. The expected value of is proportional to t, where is a small recombination fraction and t is the time since the last important bottleneck when population size was greatly reduced (8) . For the non-Africans we assume that this was migration into Eurasia 100,000 years ago. It would be inappropriate to compare the Yoruban isolate with the Eurasian continent, and so the African Americans are a better yardstick. Assuming that is independent of ethnicity, Table 8 gives (1.735)(100,000) ϭ 173,500 years as the time to the last major bottleneck in Africa. In the Malecot model is independent of effective population size N e and so a bottleneck in the African diaspora seems incontestable: the time is uncertain, but in any case roughly half the time to the last African bottleneck. Both estimates highly depend on assigning migration out of Africa to 100,000 years BP, but studies of mtDNA and Y chromosome DNA that do not make this assumption have yielded similar dates for the origin of modern humans consistent with their extermination of transitions between Homo erectus and H. sapiens (24, 25) .
Assuming that M approached 1 for most human sequences at the first bottleneck and that the rate of mutation and gene conversion was much Ͻ1͞2N e per generation, where N e is the harmonic mean of the effective population size per generation, we may estimate N e as t͞Ϫ2ln M with t measured in number of generations (8) . Taking 173,500 years as 7,000 generations and Ϫln M as 0.162 from Table 6 , N e ϭ 21,600. This result agrees with other estimates based on different assumptions (26) . Weight assignment has a substantial effect when applied to many small sequences. The unweighted estimate is 0.224 Ϯ 0.026, giving N e ϭ 15,600. The effective size for Eurasia is less reliable because M in the diaspora from Africa probably did not approach 1 for most sequences. The unweighted mean of Ϫln M is 0.069 Ϯ 0.011. Assuming 100,000 years equal 4,000 generations, N e ϭ 29,000. Estimates of Ϫln M agree qualitatively with that migration from Africa was coincident with a bottleneck that reduced population size and diversity less than the primeval African bottleneck.
Population differences in LD pose unfamiliar problems. Confronted by samples from several ill-defined populations, we could not pool them without violating the Hardy-Weinberg assumptions on which estimation of haplotype frequencies from diplotypes currently depends. It is possible that a large sample from a single population will not be used as a standard, and that estimation of haplotype frequencies should be extended to replace the Hardy-Weinberg assumption by an inbreeding model (27) , thereby increasing sample size and reducing the asymptote L, which is inflated when multiple samples are distinguished. In the interim we had no choice but to concatenate the samples and in this way take their association probabilities weighted by K as the data for construction of a standard LD map, against which the samples could be compared. This dilemma faces the HapMap project (28) , which initially includes samples of roughly equal size from the three major racial groups, making the choice of any one of them for a standard map statistically inefficient, arbitrary, and contrary to prevailing notions of political correctness, although LD research is unlikely to be distributed equally over the three races. If, as currently proposed, additional populations are studied, not yet selected and perhaps with only a subset of markers, there may be no practical alternative to enlarging the potpourri to construct final standards. Our working hypothesis is that any population may be adequately represented by an LD map that differs from a cosmopolitan standard by Malecot parameters , M, and a sample-specific asymptote L that depends on the number of individuals and choice of allele frequencies. The populations compared here do not contradict this assumption. Instead of a single LD map, a cosmopolitan standard for each of the major racial groups would provide detailed comparison of LD patterns and give scaling factors closer to unity, therefore estimating high-resolution local maps more accurately. No sample from a local population is likely to be so large and reliably typed at such high resolution that its LD map would be as accurate as an appropriate cosmopolitan standard scaled to the local value of . If haplotype maps are ever defined (28), they will presumably annotate a small number of cosmopolitan LD maps from which genetic causes of disease may be efficiently localized by assigning a haplotype frequency vector to each individual. Because this generates sample-specific frequencies that make cosmopolitan frequencies irrelevant, the information in a haplotype map is identical to the block-and-step structure revealed by an LD map, but excluding the additive LDU metric that facilitates positional cloning.
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